Introduction
============

Considerable evidence shows that older adults (aged 65+ years) experience greater difficulty reading compared to young adults (aged 18--30 years), even when their visual and cognitive abilities appear normal (see [@B12]). This is especially clear from studies of eye movements during reading, which consistently show that older adults read more slowly than young adults, by making more and longer fixations, and more backward eye movements, despite achieving normal comprehension (e.g., [@B17]; [@B49], [@B44], [@B51], [@B52]; [@B60]; [@B29],[@B30],[@B31]; [@B15]; [@B21], [@B22]; see also [@B68], [@B69]; [@B72]; [@B4]; [@B19]; [@B62],[@B63]; [@B64]). Some eye movement studies have also investigated adult age differences in the word frequency effect, which is the reading time cost for words that have a lower rather than higher frequency of written usage (e.g., [@B14]; [@B45]; [@B50]; [@B66]). These studies show a larger word frequency effect for older readers, due to older adults experiencing particular greater difficulty when identifying lower frequency words ([@B17]; [@B49]; [@B22]; [@B72]; [@B69]; [@B62],[@B63]), consistent with the view that lexical processing is slower in older age (see [@B18]; [@B49]).

The underlying causes of aging effects on eye movements during reading nevertheless are poorly understood although likely to be associated with declines in visual and cognitive abilities in later adulthood. Normative aging, in particular, is associated with both ocular and neural changes that can produce subtle reductions in visual functioning (see [@B25], [@B26]). These include reduced sensitivity to fine visual detail (e.g., edges, features; [@B27]; [@B6]; [@B9]), which may lead older adults to rely more heavily on global cues during reading ([@B30],c; [@B15]), as well as increased effects of visual crowding, which is difficulty identifying visual objects in clutter (e.g., [@B3]; [@B33]; [@B70]; see [@B55]). Such deficits are likely to have important consequences for older adults' reading behavior and, in particular, may lead older readers to be more sensitive to changes in the visual characteristics of text that affect the discriminability of letters and words.

An important strand of research has examined this issue by assessing adult age differences in the effects of removing the spaces between words. For many languages, including English, spaces are important for delineating the boundaries between words in text, and can both facilitate word recognition and help guide eye movements ([@B46]). Removing (or filling) these spaces slows reading dramatically (e.g., [@B59]; [@B20]; [@B40]; [@B23]; [@B46], [@B52]; [@B34]; [@B28]; [@B56]; although see [@B10], for claims for more modest effects). However, this slowing is even greater for older adults ([@B52]; [@B21]), suggesting that older readers benefit more from the use of inter-word spaces. Where studies have included a manipulation of word frequency (e.g., [@B46], [@B52]; [@B21]), the findings show that removing spaces produces larger word frequency effects, by disproportionately increasing reading times for lower frequency words. However, studies that also included older participants show this influence of spacing on the word frequency effect is similar across adult age groups ([@B52]; [@B21]). The greater difficulty older readers experience with unspaced text therefore does not appear to be due to added disruption to lexical processing.

Unspaced text is not normally encountered (certainly when reading English). Therefore, other studies have investigated the influence of subtle variations in text spacing likely to occur more naturally in everyday reading, including due to font differences. This includes changes in the size of spaces between words and between the letters in words. Several studies present evidence that increases in inter-letter and inter-word spacing can benefit the recognition of both individually presented words and text reading by developing readers and children with developmental dyslexia, as well as typically developed young adults ([@B58]; [@B38], [@B39]; [@B36]; [@B73]; see also [@B5]; [@B71]). Moreover, several eye movement studies show that increasing either only inter-letter spacing ([@B35]) or both inter-letter and inter-word spacing simultaneously produces shorter fixations on words ([@B37]; [@B57]). By comparison, simultaneously reducing both types of spacing is associated with longer fixations on words ([@B57]). These effects are usually explained in terms of the influence of spacing on visual crowding. In particular, it is argued that crowding is greater and impairs word recognition when spacing is decreased. By comparison, increased spacing is likely to decrease crowding compared to normal and so facilitate word recognition.

Importantly, increased spacing does not always produce faster sentence reading times, and did not do so in the eye movement studies reported by [@B37] and [@B57]. This might be because sentences with increased inter-word or inter-letter spacing are physically longer and so need more fixations to be read. However, increased text spacing is also likely to impair parafoveal processing, which refers to the pre-processing of upcoming words outside of foveal vision to facilitate word recognition and guide eye movements (see [@B42], [@B43]; [@B54]). As increased text spacing will serve to push these words further into extra-foveal vision, they are likely to be perceived at lower-acuity retinal regions and so processed less well (for discussion, see [@B57]). Any benefits of increased spacing for word recognition may therefore be offset by the impairment of normal parafoveal processing with the result that sentence reading is not benefited overall. Why increased text spacing does not also appear to decrease overall reading speeds in studies with developing readers or readers with developmental dyslexia is unclear but might be because these less-skilled readers engage in parafoveal processing to a much lesser degree than skilled adult readers.

Most previous studies also have not included older adults as participants and so are not informative about adult age differences in the effects of subtle changes in text spacing. Moreover, the only study to date that has done so looked only at inter-word spacing ([@B22]). This showed that subtle increases in the spaces between words produced shorter fixations, whereas subtle decreases produced longer fixations. These effects were essentially the same for young and older adults, however, and neither increasing nor decreasing inter-word spacing influenced the word frequency effect for either age group. It therefore appears that increases in text spacing have no specific benefits for older readers. However, as this study did not also examine effects of changes in inter-letter spacing, further research is needed to more fully understand if older adults can benefit from simultaneous subtle increases in inter-letter and inter-word spacing similarly to young adults in previous eye movement studies ([@B37]; [@B57]).

Finally, we considered whether saccade-targeting adjusts to accommodate changes in the spatial extent of words when text spacing is varied. It is well-established that decisions about when and where to move the eyes are made independently ([@B47]). Moreover, readers move their eyes roughly from one word to the next (except when skipping words), rarely fixating the spaces between words, and targeting their saccades toward the center of upcoming words ([@B41]; for a review, see [@B42], [@B43]). Additional evidence also suggests these aspects of eye movement control are preserved in older adults ([@B49]; [@B29]). The present experiment allowed us to assess this matter further, by examining whether readers can adapt to changes in the length and location of words produced by variation in text spacing, and whether adaptability is observed for both young and older readers. In particular, it seemed likely that forward eye movements would be longer compared to normal when spacing is expanded, and shorter than normal when spacing is condensed. Moreover, text spacing may affect the likelihood of word-skipping. In particular, words might be skipped more often compared to normal when spacing is condensed, either because parafoveal processing is facilitated ([@B57]) or because condensed words provide poorer visual targets more likely to be overshot due to oculomotor error ([@B13]). Conversely, longer words may be skipped less often compared to normal when spacing is expanded, either because parafoveal processing is reduced when spacing is increased, or because expanded words provide larger targets less likely to be overshot due to oculomotor error.

We conducted an eye movement experiment to address the above issues. Young and older adults read sentences in which text spacing was normal, condensed so that it was 10 or 20% smaller than normal, or expanded so that it was 10 or 20% larger than normal (see Figure [1](#F1){ref-type="fig"}). The sentences also included one of a pair of target words that were high or low in lexical frequency and matched for length and predictability. We assessed age group differences in the effects of these manipulations of text spacing on sentence-level eye movement measures as well as effects of text spacing and lexical frequency on word-level eye movement measures for the target words.

![Example stimuli in each text spacing condition. The example includes a low frequency target word ("crib") shown underlined. Target words were not underlined in the experiment.](fpsyg-09-02700-g001){#F1}

We considered several key theoretical predictions. First, we expected to observe typical adult age differences in eye movements so that the older adults read sentences (and target words) more slowly, make more and longer fixations and more backward eye movements (regressions) compared to young adults. In addition, we expected to see typical effects of text spacing. In particular, in line with previous research, subtle increases in inter-letter and inter-word spacing might benefit eye movement behavior by reducing average fixation time and perhaps also producing faster sentences reading times, and these benefits may be greater for older adults. By comparison, condensed text might be detrimental to eye movement behavior, and so produce longer average fixations and perhaps also slower sentence reading times. Moreover, as older adults are affected more by visual crowding, and condensed text increases crowding effects, this disruption to normal reading might be greater for older adults. We also examined whether changes in text spacing affected saccade-targeting, by producing shorter forward eye movements but more word-skipping when spacing is condensed, but longer forward eye movements and less word-skipping when spacing is expanded, and whether these effects differ across adult age groups.

Materials and Methods {#s1}
=====================

Participants
------------

Participants were 20 young adults aged 18--32 years (*M* = 24 years) and 15 older adults aged 65--78 years (*M* = 71 years) from the University of Leicester community. All were native English speakers and the two age groups were closely matched for years of formal education \[young adults, *M* = 16 years; older adults, *M* = 16; *t*(33) = 0.051, *p* \> 0.1\]. Finally, all participants reported reading for (at least) several hours per week.

Participants were screened for normal cognitive abilities using the Montreal Cognitive Assessment (applying a standard exclusion criterion of \<26/30; [@B24]), normal visual acuity (i.e., \>20/40 in Snellen values) using an ETDRS (Early Treatment Diabetic Retinopathy Study) eye chart ([@B11]), and tested for contrast-sensitivity using a Pelli-Robson chart ([@B32]). Compared to the young adults, the older adults had lower acuity \[young adults, *M* = 20/17, range = 20/13--20/28; older adults, *M* = 20/29, range = 20/17--20/40; *t*(33) = 6.84, *p* \< 0.001\] and lower contrast-sensitivity \[young adults, *M* = 1.97, range = 1.90--2.10; older adults, *M* = 1.83, range = 1.65--1.95; *t*(33) = 4.06, *p* \< 0.001\], as is typical for these age groups ([@B9]). Tests of working memory and vocabulary capabilities were conducted using the Digit Span and Vocabulary subtests from WAIS-IV ([@B65]). The two age groups did not differ in digit span (young adults, *M* = 20; older adults, *M* = 21; *t* \< 1.2; note values refer to test scores, not digit span), as is often reported for these age groups (e.g., [@B53]; [@B2]). However, vocabulary scores were higher for the older adults \[young adults, *M* = 46; older adults, *M* = 51; *t*(33) = 2.6, *p* \< 0.05, again, note values refer to test scores, not vocabulary size\], consistent with a vocabulary advantage for older readers ([@B1]; [@B16]).

Materials and Design
--------------------

Stimuli were 60 sets of sentences, each containing one of a pair of interchangeable target words from an experiment by [@B67]. These words were either high or low in lexical frequency \[high frequency words, *M* = 5.24, *SD* = 0.30; low frequency words, *M* = 3.36, *SD* = 0.32; *t*(59) = 30.50, *p* \< 0.001\] in Zipf-values from the SUBTLEX-UK databases ([@B61]), and matched for letter length and predictability in the sentence context. The sentences averaged 61 characters including spaces (range = 53--67 characters), and the target word always appeared toward the middle of a sentence.

The sentences were displayed in 1 of 5 spacing conditions (see Figure [1](#F1){ref-type="fig"}): normal, extra-condensed (in which inter-letter and inter-word spaces were 20% smaller than normal), condensed (inter-letter and inter-word spaces 10% smaller than normal), expanded (inter-letter and inter-word spaces were 10% larger than normal), and extra-expanded (inter-letter and inter-word spaces 20% points larger than normal). The increases in inter-letter spacing were similar to those in the study by [@B37], and the increases in inter-word spacing were similar to those in the study by [@B35] but more subtle than in the study by [@B22]. Images were created using Microsoft PowerPoint.

The sentences were selected for display to each participant using a Latin square, so that each participant saw each sentence only once, in one spacing condition and word frequency condition, but sentences were shown equally often in each spacing and word frequency condition across each age group. Sentences were presented in random order in a single session, preceded by 10 practice sentences (two in each spacing condition). The experiment had a mixed design with the factors age group and text spacing in sentence-level analyses, and word-level analyses included the additional factor target word frequency.

Apparatus and Procedure
-----------------------

A tower-mounted Eyelink 1000 eye-tracker (SR Research) recorded each participant's right-eye gaze location every millisecond during binocular viewing. Sentence stimuli were presented as black text on a gray background (RGB: 240, 240, 240) in Courier New font on a 20-inch high-resolution monitor. At a viewing distance of 80 cm, three characters subtended approximately 1° in the normal spacing condition, and so were of normal size for reading ([@B48]).

Participants took part individually. At the start of the experiment, each participant was instructed to read normally and for comprehension. The eye-tracker was then calibrated to the participant's eye movements using a 3-point horizontal calibration procedure and ensuring high spatial accuracy (\<0.30° error). Calibration accuracy was checked before the start of each trial and the eye-tracker re-calibrated if spatial accuracy exceeded 0.30°. At the start of each trial, a fixation square was presented on the left side of the screen. Once the participant fixated this location, a sentence was presented with the first character replacing the square. Participants pressed a button on a response box once they finished reading each sentence. The sentence then disappeared and on 25% of trials was replaced by a two-alternative comprehension question requiring a "yes" or "no" response, to which the participant responded using one of two buttons. For each participant, the experiment lasted approximately 45 min.

Results
=======

Accuracy answering the comprehension questions that followed sentences was high for all participants (*M* = 93%) and did not differ across age groups or text spacing conditions (*p*s \> 0.1). Both age groups could therefore comprehend the sentences well even when text spacing was condensed or expanded relative to normal.

Effects of text spacing on reading was assessed using standard sentence- and word-level measures (see [@B42], [@B43]). Sentence-level measures comprised sentence reading time (the time from the onset of a sentence display until the participant pressed a response key to indicate they had finished reading), average fixation duration (average length of fixations made during sentence reading), number of fixations (total number of fixations), number of regressions (number of backward eye movements), first-pass word-skipping (number of words not fixated prior to a fixation on a word to its right), and forward saccade length (the distance of progressive eye movements, reported here in degrees of visual angle, rather than characters, as changes in inter-letter spacing resulted in different character sizes across spacing conditions). Word-level measures assessed both the first-pass and later processing of the target words. First-pass measures were sensitive to effects occurring during the initial reading of a word prior to the eye leaving the word and moving to its right. We report the following first-pass measures: word skipping (probability of not fixating a word prior to an eye movement to its right), first-fixation duration (length of the first fixation on a word during first-pass reading), single-fixation duration (length of the fixation on a word receiving only one first-pass fixation), gaze duration (sum of all first-pass fixations on a word), and regressions out (probability of a first-pass regression from a word). We also report total reading time (sum of all fixations on a word) and regressions in (probability of a regression back to a word) as measures of later processing.

Following standard procedures, short (\<80 ms) and long (\>1200 ms) fixations were deleted (affecting 5.0% of fixations). Trials were also excluded if track loss or data-recording error occurred (affecting 0.2% of trials). The remaining data were analyzed using repeated measures analysis of variance (ANOVA) with factors age group and text spacing for sentence-level analyses, and including target word frequency for word-level analyses. Variance was computed across participants (*F*~1~) and stimuli (*F*~2~). Partial eta-squared ($\eta_{p}^{2}$) is reported as a measure of effect size. Pairwise comparisons were Bonferroni corrected.

Sentence-Level Measures
-----------------------

Table [1](#T1){ref-type="table"} shows means for sentence-level measures and Table [2](#T2){ref-type="table"} reports ANOVA statistics.

###### 

Mean sentence-level measures.

  Measure                            Age group   Extra-condensed   Condensed    Normal       Expanded     Extra-expanded
  ---------------------------------- ----------- ----------------- ------------ ------------ ------------ ----------------
  Sentence reading time (ms)         Young       2228 (194)        2148 (172)   2149 (160)   2245 (163)   2257 (168)
                                     Older       3400 (224)        3061 (198)   2884 (184)   2875 (189)   2977 (194)
  Average fixation Duration (ms)     Young       212 (6)           207 (6)      201 (5)      197 (6)      196 (5)
                                     Older       269 (7)           254 (7)      245 (6)      240 (6)      236 (6)
  Number of fixations                Young       9.3 (0.6)         9.2 (0.6)    9.4 (0.6)    9.8 (0.5)    10.0 (0.6)
                                     Older       12.0 (0.7)        11.4 (0.6)   11.2 (0.6)   11.4 (0.6)   11.9 (0.6)
  Number of regressions              Young       1.8 (0.2)         1.8 (0.2)    1.7 (0.2)    1.8 (0.2)    1.8 (0.2)
                                     Older       2.9 (0.3)         2.5 (0.2)    2.3 (0.2)    2.3 (0.2)    2.4 (0.2)
  First-pass word-skipping           Young       5.2 (0.3)         5.1 (0.3)    4.8 (0.3)    4.5 (0.3)    4.2 (0.3)
                                     Older       5.1 (0.3)         5.0 (0.3)    4.7 (0.3)    4.4 (0.3)    4.1 (0.3)
  Forward saccade length (degrees)   Young       1.7 (0.1)         1.9 (0.1)    2.0 (0.1)    2.1 (0.1)    2.2 (0.1)
                                     Older       2.1 (0.1)         2.2 (0.1)    2.3 (0.1)    2.4 (0.1)    2.5 (0.1)

Standard errors are shown in parentheses

.

###### 

Statistical values for sentence-level measures.

                                  *F*~1~   *F*~2~                                         
  ------------------------------- -------- ------------- ------- -------- --------------- -------
  **Sentence reading time**                                                               
  Age group                       1, 33    10.58\*\*     0.24    1, 59    877.3\*\*\*     0.94
  Text spacing                    4, 132   13.39\*\*\*   0.29    4, 236   10.27\*\*\*     0.15
  Age group × Text spacing        4, 132   11.9\*\*\*    0.27    4, 236   7.83\*\*\*      0.12
  **Average fixation duration**                                                           
  Age group                       1, 33    29.48\*\*     0.47    1, 59    10.91\*\*\*     0.16
  Text spacing                    4, 132   83.39\*\*     0.72    4, 236   65.71\*\*\*     0.53
  Age group × Text spacing        4, 132   9.13\*\*      0.22    4, 236   1428.53\*\*\*   0.96
  **Number of fixations**                                                                 
  Age group                       1, 33    5.86\*        0.15    1, 59    526.89\*\*\*    0.90
  Text spacing                    4, 132   10.06\*\*     0.23    4, 236   6.37\*\*\*      0.10
  Age group × Text spacing        4, 132   6.49\*\*      0.16    4, 236   3.43\*\*        0.06
  **Number of regressions**                                                               
  Age group                       1, 33    6.57\*        0.17    1, 59    141.91\*\*\*    0.71
  Text spacing                    4, 132   6.88\*\*      0.17    4, 236   4.19\*\*        0.07
  Age group × Text spacing        4, 132   5.40\*\*      0.14    4, 236   3.66\*\*        0.06
  **First-pass word-skipping**                                                            
  Age group                       1, 33    0.09          0.003   1, 59    13.07\*\*       0.18
  Text spacing                    4, 132   100.3\*\*\*   0.75    4, 236   97.24\*\*\*     0.62
  Age group × Text spacing        4, 132   0.05          0.002   4, 236   0.07            0.001
  **Forward saccade length**                                                              
  Age group                       1, 33    7.26\*        0.18    1, 59    1055.24\*\*\*   0.95
  Text spacing                    4, 132   161.7\*\*\*   0.83    4, 236   121.83\*\*\*    0.67
  Age group × Text spacing        4, 132   0.32          0.01    4, 236   0.47            0.01

∗

p \< 0.05,

∗∗

p \< 0.01,

∗∗∗

p \< 0.001.

A main effect of age group was obtained for all measures. Compared to the young adults, the older adults read more slowly, made more and longer fixations, more regressions, and longer forward saccades, but with no difference in first-pass word-skipping. These findings resonate with aging effects in previous research (e.g., [@B17]; [@B49], [@B44], [@B51], [@B52]; [@B60]; [@B29],[@B30],[@B31]; [@B15]; [@B21], [@B22]). The older adults therefore produced typical patterns of age-related reading difficulty. Main effects of text spacing were obtained for all sentence-level measures. Compared to the other spacing conditions, extra-condensed text produced the longest sentence reading times and average fixations and most regressions. Reading times were also longer than normal for sentences with extra-expanded spacing, most likely due to readers making more fixations when letters and words were further apart. Forward saccade length differed depending on the physical length of sentences, so that saccades were shorter than normal for condensed and extra-condensed sentences, but longer than normal for expanded and extra-expanded sentences. Finally, the number of words skipped during first-pass reading was higher than normal for condensed and extra-condensed sentences, and lower than normal for expanded and extra-expanded sentences. This can be explained in terms of either increased parafoveal processing or poorer saccade-targeting when text is condensed, and either decreased parafoveal processing and more accurate saccade-targeting when text is expanded. Crucially, these effects did not differ between young and older adults, suggesting that effects of text spacing on saccade-targeting was similar across adult age groups.

Importantly, main effects of text spacing in sentence reading times, average fixation durations, and numbers of fixations and regressions were qualified by interactions with age group. Pairwise comparisons showed that extra-condensed spacing slowed sentence reading times and lengthened average fixation durations compared to normal for both young and older adults, and that expanded text spacing slowed reading times compared to normal for the young adults but not the older adults. The older adults, but not young adults, also made more regressions when spaces were extra-condensed than in the other spacing conditions, suggesting older readers experienced greater difficulty when text was condensed. Finally, while older adults made more fixations for extra-condensed and extra-expanded sentences compared to the other spacing conditions, young adults made more fixations on expanded and extra-expanded sentences compared to the other spacing conditions.

To further explore these age differences in text spacing effects, we computed the size of the aging effect in each spacing condition. These values were entered into one-way repeated measures ANOVA with the variable text spacing (restricted to *F*~2~ analyses, as *F*~1~ analyses used a mixed design). This produced significant effects for all sentence-level measures \[sentence reading times: *F*~2~(4,236) = 7.28, *p* \< 0.001; average fixation durations: *F*~2~(4,236) = 10.91, *p* \< 0.001; number of fixations: *F*~2~(4,236) = 3.43, *p* \< 0.05; number of regressions: *F*~2~(4,236) = 3.19, *p* \< 0.05\]. Pairwise comparisons showed condensed and extra-condensed sentences produced the largest age difference in sentence reading times, and extra-condensed sentences produced the largest age difference in average fixation durations and numbers of fixations and regressions. This analysis therefore brings further clarity to the effects of text spacing across the two age groups by showing that disruption to normal reading was caused primarily by condensed text, and that this effect was larger for the older adults. The findings in addition show no evidence that increased text spacing benefited either age group.

Target Word Analyses
--------------------

Table [3](#T3){ref-type="table"} shows means for word-level measures and Table [4](#T4){ref-type="table"} reports ANOVA statistics.

###### 

Mean word-level measures.

                                                                Text spacing                                                                     
  ------------------------------- ------- ---------- ---------- -------------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
  Word-skipping (%)               Young   24 (3)     19 (4)     23 (4)         15 (3)     25 (4)     16 (3)     17 (3)     13 (3)     15 (3)     10 (3)
                                  Older   18 (3)     15 (4)     21 (4)         19 (4)     21 (5)     15 (3)     13 (4)     14 (3)     7 (3)      10 (3)
  First-fixation duration (ms)    Young   220 (9)    247 (12)   222 (9)        237 (9)    215 (9)    235 (10)   207 (8)    233 (11)   214 (10)   237 (11)
                                  Older   276 (10)   305 (14)   261 (11)       283 (10)   235 (10)   266 (11)   236 (9)    265 (13)   236 (11)   260 (13)
  Single-fixation duration (ms)   Young   222 (9)    248 (14)   223 (9)        238 (10)   216 (9)    236 (10)   207 (8)    234 (11)   216 (10)   240 (12)
                                  Older   281 (11)   316 (16)   261 (11)       277 (12)   236 (11)   268 (12)   238 (9)    271 (13)   238 (11)   266 (14)
  Gaze duration (ms)              Young   230 (14)   276 (20)   234 (12)       255 (20)   224 (10)   256 (14)   216 (9)    254 (14)   224 (10)   260 (16)
                                  Older   317 (16)   377 (23)   275 (14)       345 (23)   254 (11)   291 (16)   253 (11)   301 (16)   255 (11)   301 (18)
  Regression-out (%)              Young   6 (2)      13 (3)     8 (2)          8 (2)      5 (2)      6 (3)      9 (3)      4 (2)      3 (2)      4 (2)
                                  Older   17 (3)     17 (3)     9 (3)          10 (3)     9 (3)      11 (3)     9 (3)      8 (2)      6 (2)      10 (2)
  Total reading Time (ms)         Young   250 (31)   323 (41)   253 (20)       300 (26)   237 (21)   285 (25)   239 (16)   297 (25)   244 (19)   283 (28)
                                  Older   440 (36)   583 (48)   351 (23)       476 (30)   315 (25)   411 (28)   329 (18)   392 (29)   326 (22)   433 (33)
  Regressions-in (%)              Young   6 (2)      11 (4)     7 (2)          12 (3)     5 (3)      11 (4)     5 (2)      12 (2)     7 (2)      8 (3)
                                  Older   11 (3)     26 (4)     13 (3)         21 (4)     10 (3)     22 (5)     13 (3)     16 (3)     16 (3)     26 (3)

Standard errors are shown in parentheses

.

###### 

Statistical values for analyses of word-level measures.

  Measure                                     *F*~1~   *F*~2~                                        
  ------------------------------------------- -------- -------------- ------ -------- -------------- ------
  **Word-skipping**                                                                                  
  Age group                                   1, 33    0.50           0.02   1, 58    6.04\*         0.09
  Text spacing                                4, 132   8.29\*\*\*     0.20   4, 232   9.39\*\*\*     0.14
  Word frequency                              1, 33    19.87\*\*\*    0.38   1, 58    10.02\*\*      0.15
  Age group × Text spacing                    4, 132   0.87           0.03   4, 232   1.09           0.02
  Age group × Word frequency                  1, 33    9.18\*\*       0.22   1, 58    6.55\*         0.10
  Text spacing × Word frequency               4, 132   1.28           0.04   4, 232   0.99           0.02
  Age group × Text spacing × Word frequency   4, 132   0.28           0.01   4, 232   0.21           0.00
  **First-fixation duration**                                                                        
  Age group                                   1, 33    7.75\*\*       0.19   1, 58    115.92\*\*\*   0.67
  Text spacing                                4, 132   13.23\*\*\*    0.29   4, 232   11.7\*\*\*     0.17
  Word frequency                              1, 33    103.92\*\*\*   0.76   1, 58    109.24\*\*\*   0.65
  Age group × Text spacing                    4, 132   5.04\*\*       0.13   4, 232   3.71\*\*       0.06
  Age group × Word frequency                  1, 33    0.86           0.03   1, 58    2.46           0.04
  Text Spacing × Word frequency               4, 132   0.54           0.02   4, 232   0.35           0.01
  Age group × Text spacing × Word frequency   4, 132   0.17           0.00   4, 232   0.22           0.00
  **Single-fixation duration**                                                                       
  Age group                                   1, 33    7.6\*\*        0.19   1, 58    114.51\*\*\*   0.7
  Text spacing                                4, 132   14.41\*\*\*    0.30   4, 232   7.07\*\*\*     0.12
  Word frequency                              1, 33    67.26\*\*\*    0.67   1, 58    79.6\*\*\*     0.61
  Age group × Text spacing                    4, 132   14.41\*\*      0.30   4, 232   2.31†          0.04
  Age group × Word frequency                  1, 33    1.18           0.03   1, 58    1.47           0.03
  Text spacing × Word frequency               4, 132   1.18           0.04   4, 232   0.18           0.00
  Age group × Text spacing × Word frequency   4, 132   0.15           0.00   4, 232   0.18           0.00
  **Gaze-duration**                                                                                  
  Age group                                   1, 33    9.62\*\*       0.23   1, 58    134.02\*\*\*   0.70
  Text spacing                                4, 132   16.02\*\*\*    0.33   4, 232   13.13\*\*\*    0.19
  Word frequency                              1, 33    54.47\*\*\*    0.62   1, 58    99.4\*\*\*     0.63
  Age group × Text spacing                    4, 132   7.43\*\*\*     0.18   4, 232   5.09\*\*       0.08
  Age group × Word frequency                  1, 33    2.25           0.06   1, 58    7.23\*\*       0.11
  Text spacing × Word frequency               4, 132   0.60           0.02   4, 232   0.26           0.00
  Age group × Text spacing × Word frequency   4, 132   1.01           0.03   4, 232   0.96           0.02
  **Regressions-out**                                                                                
  Age group                                   1, 33    57.32\*\*\*    0.64   1, 58    9.16\*\*       0.14
  Text spacing                                4, 132   8.00\*\*\*     0.20   4, 232   5.00\*\*       0.08
  Word frequency                              1, 33    0.63           0.02   1, 58    1.48           0.03
  Age group × Text spacing                    4, 132   1.58           0.05   4, 232   0.89           0.02
  Age group × Word frequency                  1, 33    0.09           0.00   1, 58    0.58           0.01
  Text spacing × Word frequency               4, 132   1.42           0.04   4, 232   1.09           0.02
  Age group × Text spacing × Word frequency   4, 132   0.82           0.02   4, 232   0.19           0.00
  **Total reading time**                                                                             
  Age group                                   1, 33    15.86\*\*\*    0.33   1, 58    216.43\*\*\*   0.79
  Text spacing                                4, 132   16.06\*\*\*    0.33   4, 232   15.35\*\*\*    0.21
  Word frequency                              1, 33    95.99\*\*\*    0.74   1, 58    62.63\*\*\*    0.52
  Age group × Text spacing                    4, 132   8.60\*\*\*     0.21   4, 232   8.82\*\*\*     0.13
  Age group × Word frequency                  1, 33    10.67\*\*      0.24   1, 58    10.99\*\*      0.16
  Text spacing × Word frequency               4, 132   1.94           0.06   4, 232   0.79           0.01
  Age group × Text spacing × Word frequency   4, 132   1.28           0.04   4, 232   0.72           0.01
  **Regressions-in**                                                                                 
  Age group                                   1, 33    12.55\*\*      0.28   1, 58    44.83\*\*\*    0.44
  Text spacing                                4, 132   0.88           0.03   4, 232   0.92           0.02
  Word frequency                              1, 33    43.98\*\*\*    0.57   1, 58    27.37\*\*\*    0.32
  Age group × Text spacing                    4, 132   1.46           0.04   4, 232   1.16           0.02
  Age group × Word frequency                  1, 33    4.34\*         0.12   1, 58    4.84\*         0.08
  Text spacing × Word frequency               4, 132   0.68           0.02   4, 232   0.33           0.01
  Age group × Text spacing × Word frequency   4, 132   1.03           0.03   4, 232   1.32           0.02

†

p\< 0.1,

∗

p \< 0.05,

∗∗

p \< 0.01,

∗∗∗

p \< 0.001.

Main effects of age group in all measures except word-skipping showed that fixation times were longer and regression rates higher for the older than younger adults, resonant with findings from previous research ([@B17]; [@B49], [@B44], [@B51], [@B52]; [@B60]; [@B29],[@B30],[@B31]; [@B15]; [@B21], [@B22]). Main effects of word frequency in all measures are also in line with well-established findings showing that higher frequency words are skipped less often and receive shorter reading times and fewer regressions than lower frequency words (e.g., [@B14]; [@B45]; [@B50]; [@B66]). An interaction between age group and word frequency in total reading times was due to a larger word frequency effect for the older adults. This pattern is in line with previous research indicating that older readers have disproportionately greater difficulty processing lower frequency words, although the effect in the present experiment emerged later in the eye movement record than in previous studies ([@B17]; [@B49], [@B52]; [@B22]; [@B69]). This age difference in the word frequency effect may have been driven primarily by the re-inspection of words. In particular, as older readers are more likely to re-inspect words, they may have experienced a "double whammy" effect when first encountering and then re-reading lower frequency words, thereby inflating their reading times for these words. However, whether the relatively late appearance of this age difference in the word frequency effect was due to the manipulation of word spacing is unclear. Finally, an interaction between age group and word frequency in word-skipping was due to a larger increase in skipping for high compared to low frequency words for the young adults than older adults. This may be because the young adults, but not the older adults, could use parafoveal processing to facilitate the recognition of higher frequency words.

Main effects of text spacing were observed in all eye-movement measures except regressions-in. These effects were qualified by interactions between age group and text spacing in first-fixation duration, single-fixation duration (*F*~1~ analysis only), gaze duration and total reading time. The pattern of effects was very similar across these measures, and so we will refer to this effect collectively as an effect on reading times. For the young adults, condensing or expanding text had little influence on reading times compared to normal. For the older adults, expanding text also had little influence on reading times compared to normal. However, condensing text (especially in the extra-condensed condition) produced longer than normal reading times for the older adults. As before, aging effects were explored further by conducting supplementary analyses that compared age differences in the size of the spacing effect for each reading time measure (restricted to *F*~2~ analyses). This produced significant effects for all measures \[first-fixation duration: *F*~2~(4,236) = 4.31, *p* \< 0.01; single-fixation duration: *F*~2~(4,236) = 3.69, *p* \< 0.01; gaze duration: *F*~2~(4,236) = 6.42, *p* \< 0.001; total reading times: *F*~2~(4,236) = 8.79, *p* \< 0.001\]. Pairwise comparisons indicated that these were due to larger age differences for extra-condensed text compared to normal (significant in gaze durations and total reading times, marginal in first-fixation durations). This analysis therefore brought clarity to our findings by revealing that age differences primarily were due to older adults having particular difficulty when reading extra-condensed text.

Returning to the main ANOVA results, we observed a main effect of text spacing in regressions-out due to more regressions for extra-condensed spacing compared to the other display conditions, which did not differ significantly from each other. We also observed an effects of text spacing on word-skipping that did not interact with age group. Pairwise comparisons showed word-skipping was lowest for expanded and extra-expanded spacing and equally higher for normal, condensed and extra-condensed spacing. The effect for expanded text was similar to that observed in skipping effects in the sentence-level analyses, and so provided further evidence that text spacing affected saccade-targeting. As the effect was essentially the same for young and older adults, the finding also provides further evidence that this effect of spacing on saccade-targeting is similar across adult age groups. Finally, the main ANOVA analyses produced no two-way interactions between text spacing and word frequency, and no three-way interactions. Consequently, effects of text spacing did not appear to influence the word frequency effect for either age group.

Discussion
==========

The present study provides valuable evidence concerning effects of aging and text spacing on eye movements during reading. First, the findings showed clear patterns of age-related reading difficulty, resonant with findings from previous research (e.g., [@B17]; [@B49], [@B44], [@B51], [@B52]; [@B60]; [@B29],[@B30],[@B31]; [@B15]; [@B21], [@B22]; [@B68], [@B69]; [@B64]). As in this previous research, the older adults read more slowly and made more and longer fixations and more regressions than young adults. The older adults therefore exhibited typical patterns of age-related reading difficulty. They also made longer forward eye movements than young adults, consistent with findings from previous research showing that older adults compensate for slower reading by leaping ahead in the text more often (see [@B49]). However, in contrast with previous research, this did not cause older adults to skip words more frequently.

The findings also show effects of text spacing on eye movement behavior. In particular, condensing or expanding the spacing between letters and words increased sentence reading times and disrupted normal eye movement behavior. Crucially, these effects differed for the young and older adults. For the young adults, both condensing and expanding text spacing resulted in longer sentence reading times (due to more than normal fixations and longer than normal average fixation durations when text was condensed, and more than normal numbers of fixations when text was expanded). However, for the older adults, disruption to normal reading primarily was observed for condensed text, which produced longer than normal sentence reading times as well as more than normal numbers of fixations and longer than normal average fixations durations. Supplementary analyses clarified these findings by showing that age differences in text spacing effects were primarily due to condensed text causing greater disruption for older readers. Analyses that examined the processing of specific target words in sentences (for which we also manipulated lexical frequency) confirmed this key finding, by showing increases in word reading times were larger for the older adults when spacing was condensed. Therefore, while there was little indication that increased spacing benefited reading for either age group, condensed spacing clearly caused greater disruption for the older readers. Such effects may be due to increased crowding when text is condensed. We discuss these findings further in relation to previous research below.

The analysis of the high and low frequency target words in the sentences showed standard word frequency effects for both age groups, so that both had lower word-skipping rates and longer fixation times for low compared to high frequency words. Previous research has shown that older readers tend to produce larger word frequency effects due to disproportionately longer reading times for low compared to high frequency words ([@B17]; [@B49], [@B52]; [@B22]; [@B69]; [@B62],[@B63]). An age difference in the word frequency effect was also observed in the present research, although this emerged late in the eye movement record (in total reading times rather than gaze durations on target words). We suggested it may reflect a "double whammy" effect whereby older readers had difficulty both when first encountering a low frequency word and during its subsequently re-reading, thereby producing a larger word frequency effect overall. Despite the difference in the time course of this effect compared to in previous research, the finding is nevertheless consistent with the view that older readers lexically process words more slowly (e.g., [@B18]; [@B49]). Crucially, text spacing did not influence the size of the word frequency effect for either age group, suggesting that subtle variation in spacing did not impact on the lexical processing of words. This is in line with other evidence showing that variation in text spacing has little influence on the word frequency effect ([@B37]; [@B57]; [@B22]). However, it contrasts with findings showing that unspaced text produces a larger than normal word frequency effect for both young and older adult readers ([@B52]; [@B21]). The overall indication, therefore, is that lexical identification can proceed as normal for both young and older readers so long as word boundaries can be delineated.

Finally, effects of text spacing on forward saccade length and word-skipping showed that decisions about where to move the eyes were influenced by the physical extent of words and the sizes of spaces between words. The findings for saccade length showed that saccades were shorter when text was condensed, but longer when text was expanded. As sentences with different spacing were inter-mixed in the experiment, this finding is consistent with other evidence that saccade length adjusts to changes in average word length ([@B7], [@B8]), and that saccadic control is driven by the physical characteristics of words. Word-skipping also differed as a function of text spacing, so that skipping rates were higher than normal for condensed text, and lower than normal for expanded text. Such effects can be explained in terms of parafoveal processing or the likelihood of a saccade overshooting a word target. In particular, increased skipping of condensed words might reflect enhanced parafoveal processing ([@B57]) or because physically shorter words provide poorer saccade targets, consistent with evidence that word skipping is largely driven by a word's spatial extent rather than its number of letters ([@B13]). Conversely, less skipping of expanded words might be because parafoveal processing is poorer when text is expanded, or because physically longer words provide better saccade targets. Crucially, as these effects did not differ across age groups, the present findings also provide further evidence that motor control of the eyes during reading is preserved in older age ([@B49]; [@B29]).

Our findings make a useful contribution to our understanding of text spacing effects on eye movements during reading. First, they add to evidence of a trade-off in the benefits and disadvantages of increased text spacing in natural reading. As in the present experiment, several studies have shown that increased spacing can shorten fixations on words but also increase the overall number of fixations and sometimes also the time taken to read sentences ([@B37]; [@B57]; [@B22]; [@B35]). Such effects are attributed to increased spacing facilitating the recognition of fixated words while simultaneously impairing parafoveal processing by causing upcoming text to be perceived at lower acuity retinal regions (for discussion, see [@B57]). Consequently, while there may be specific benefits of increasing text spacing for the recognition of individual words, these may be offset by other disadvantages for skilled reading. The present research shows a very similar pattern of effects for young and older adults and so it seems unlikely that increasing text spacing will provide an effective method of ameliorating age-related reading difficulty.

The present findings also suggest that while subtle increases in text spacing can affect the visual processing of text, it may do so without affecting the lexical identification of words. That is to say, there was no evidence that variation in text spacing differentially affected the processing of high and low frequency words in the present experiment. This finding is consistent with other evidence that subtle variation in text spacing has little influence on the word frequency effect in reading ([@B37]; [@B57]; [@B22]). However, as already noted, disruption to the word frequency effect is well-established when spaces between words are missing ([@B52]; [@B21]). It therefore seems likely that lexical identification can proceed as normal so long as visual cues to word boundaries are available.

Finally, the present study adds to our understanding of age differences in text spacing effects by showing eye movements are disrupted more for older readers when inter-letter and inter-word spacing is (simultaneously) condensed relative to normal. This is consistent with the view that older readers may be especially sensitive to changes in the visual characteristics of text that affect the discriminability of letters and words (see also [@B52]; [@B21]). Note, however, that this contrasts with the [@B22] findings that condensed text produces few adult age differences in eye movement behavior. However, this may be because McGowan et al. manipulated only inter-word spacing, whereas we manipulated both inter-word and inter-letter spacing, and because changes in inter-letter spacing were primarily responsible for the effects we observed. If correct, this suggests that condensing letter spacing caused older readers particular difficulty, possibly due to increased effects of visual crowding. Further work is needed to clarify this influence of text spacing. But, if correct, such findings may have implications for the selection of fonts to support older adult reading, as spacing between letters in fonts is highly variable and typically larger in non-proportional fonts in which each letter occupies the same horizontal space compared to proportional fonts where letters vary in the horizontal space they occupy. Consequently, an important objective of future research may be to establish whether fonts with greater inter-letter spacing provide better support for older readers compared to fonts in which inter-letter spacing is condensed.
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